d Diversity, abundance, and activity of ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) were investigated using the ammonia monooxygenase ␣ subunit (amoA) in the intertidal sediments of the Yangtze Estuary. Generally, AOB had a lower diversity of amoA genes than did AOA in this study. Clone library analysis revealed great spatial variations in both AOB and AOA communities along the estuary. The UniFrac distance matrix showed that all the AOB communities and 6 out of 7 AOA communities in the Yangtze Estuary were statistically indistinguishable between summer and winter. The studied AOB and AOA community structures were observed to correlate with environmental parameters, of which salinity, pH, ammonium, total phosphorus, and organic carbon had significant correlations with the composition and distribution of both communities. Also, the AOA communities were significantly correlated with sediment clay content. Quantitative PCR (qPCR) results indicated that the abundance of AOB amoA genes was greater than that of AOA amoA genes in 10 of the 14 samples analyzed in this study. Potential nitrification rates were significantly greater in summer than in winter and had a significant negative correlation with salinity. In addition, potential nitrification rates were correlated strongly only with archaeal amoA gene abundance and not with bacterial amoA gene abundance. However, no significant differences were observed between rates measured with and without ampicillin (AOB inhibitor). These results implied that archaea might play a more important role in mediating the oxidation of ammonia to nitrite in the Yangtze estuarine sediments.
O
ver the past several decades, anthropogenic production of reactive nitrogen has increased by 120% (1) , and global nitrogen overload has been identified as a main emerging environmental issue in this century (2, 3) . Much of anthropogenic nitrogen is transported into estuarine and coastal regions via rivers, groundwater, and atmosphere (3, 4) , which has already exerted a serious threat to the environmental quality of estuarine and coastal ecosystems. Nitrification, the sequential oxidation of ammonia to nitrite and then to nitrate, is an important bioremediation process in these nitrogen-enriched environments. Excessive nitrogen load in these ecosystems can be greatly reduced via a tight coupling between nitrification and denitrification or anaerobic ammonium oxidation (5, 6, 7) , thereby diminishing the risk of nitrogen pollution. However, the removal of nitrogen from aquatic environments often depends directly on the supply of products (nitrite and nitrate) from nitrification (8) . Thus, nitrification plays a critical biogeochemical role in the estuarine and coastal ecosystems.
As the first and rate-limiting step in nitrification, ammonia oxidation has been widely studied because of its ecological significance in the global nitrogen cycle and environmental implications (9) . The process of ammonia oxidation was long recognized to be restricted to two groups of ammonia-oxidizing bacteria (AOB), the beta-and gammaproteobacteria (10) . However, this view was challenged by the discovery of genes encoding proteins with homology to ammonia monooxygenases (amoA) in genome fragments of archaea which are affiliated with the phylum Thaumarchaeota (11, 12, 13) . Since ammonia-oxidizing archaea (AOA) were discovered, they have been detected in various environments, including soils and sediments (12, 14, 15, 16, 17) , estuaries (11, 18, 19, 20) , subterranean environments (21) , oxic and suboxic marine layers (22, 23, 24) , sponges (25) , corals (26) , and wastewater sludge (27) . So far, most studies have shown that a large proportion of the Thaumarchaeota are autotrophic and capable of performing the oxidation of ammonia to nitrite (15, 22) , although several studies reported that some of these archaea may also be able to assimilate organic compounds, like amino acids (13, 28) . In marine environments, AOA have been assumed to be more important contributors to ammonia oxidation than bacteria, based on molecular and biogeochemical data (29, 30 ). In contrast, in estuarine ecosystems, their relative importance in ammonia oxidation remains more ambiguous and uncertain (19, 20, 31, 32) , which may imply a more complex interaction between dynamics of ammonia oxidizers and associated activity in these environments. Due to effects of land-sea interaction, estuaries and adjacent areas often experience tidal changes, salinity intrusions, and nutrient pulses, which may have important impacts on shaping dynamics of ammonia oxidizers. However, environmental variables that control diversity, distribution, and activity of ammonia oxidizers in these complex estuarine systems remain elusive.
The Yangtze River is the third-largest river in the world, and it delivers more than 7.5 ϫ 10 10 moles per year of N nutrients to the East China Sea through the estuarine areas (33) . Especially in re-cent decades, the Yangtze Estuary has been receiving an increasing load of anthropogenic nitrogen from agricultural activities, fish farming, and domestic and industrial wastewater discharge, which has resulted in severely eutrophic status in the estuarine and coastal area (34, 35) . Hence, the microbial nitrogen transformations are of major concern in the Yangtze Estuary. Although the microbial oxidation of ammonia to nitrite is known to play a central role in the nitrogen transformations, few studies have examined the dynamics of ammonia oxidizers and associated activity in the eutrophic estuarine environment. Thus, the relationships among physical/chemical variables, population structure, and activity of ammonia oxidizers still need to be further explored.
The objectives of the present study were (i) to elucidate the diversity and abundance of AOB (␤-AOB) and AOA in the estuarine ecosystem based on the functional amoA gene marker, (ii) to investigate potential links of estuarine environmental variables with the dynamics of ammonia oxidizers, and (iii) to compare the relative contributions of AOB and AOA to nitrification at the study area.
MATERIALS AND METHODS
Field sampling. Surface sediment samples were collected from 7 sites along the intertidal flats of the Yangtze Estuary (see Fig. S1 in the supplemental material), including Xupu (XP), Liuhekou (LHK), Wusongkou (WSK), Bailonggang (BLG), Daxingang (DXG), Yinyang (YY), and Luchao (LC). Fieldwork was conducted in January (winter) and August (summer) 2012. At each site, surface sediments (0 to 5 cm) were collected with stainless steel tubes from six to eight plots (50 cm by 50 cm). After collection, these sediment samples were stored in sterile plastic bags, sealed, and transported to the laboratory on ice within 4 h. Upon return to the laboratory, sediments from each site were immediately homogenized under a nitrogen atmosphere as one composite sample. Subsequently, one part of the composite sample from each site was stored at 4°C for nitrification rate measurements and sediment physiochemical analyses. The other part was preserved at Ϫ80°C for DNA extraction and subsequent molecular analysis.
Determination of environmental parameters. At each sampling site, sediment temperature was determined in situ with a portable electronic thermometer. Sediment salinity and pH were measured using a YSI Model 30 salinity meter and a Mettler-Toledo pH meter, respectively, after sediments were mixed with deionized water free of CO 2 at a ratio (sediment/ water) of 1:2.5. Sediment water content was measured from weight loss of a known amount of wet sediment dried at 80°C to a constant value. A Beckman Coulter LS13320 laser granulometer (USA) was used for sediment particle analysis. Exchangeable ammonium (NH 4 ϩ -N), nitrite (NO 2 Ϫ -N), and nitrate (NO 3 Ϫ -N) were extracted from fresh sediments with 2 M KCl and measured spectrophotometrically on a continuousflow analyzer (SAN Plus, Skalar Analytical B.V., the Netherlands) with detection limits of 0.5 M for NH 4 ϩ -N and 0.1 M for NO 2 Ϫ -N and NO 3 Ϫ -N (36). Organic carbon (OC) in sediments was measured using the K 2 Cr 2 O 7 oxidation-reduction titration method. Total phosphorus (TP) in sediments was measured colorimetrically by the ascorbic acid-molybdate blue method (37) after 2 h of combustion (500°C) and 16 h of extraction with 1 M HCl.
DNA extraction and gene amplification. Total DNA was extracted from sediment samples using Powersoil DNA isolation kits (MoBio, USA) according to the manufacturer's directions. AOB (␤-AOB only) amoA gene fragments (491 bp) were amplified from the extracted DNA using the primer set composed of amoA-1F (5=-GGGGTTTCTACTGGTGGT-3=) and amoA-2R (5=-CCCCTCKGSAAAGCCTTCTTC-3=) (38) . AOA amoA gene fragments (635 bp) were amplified using primers ArchamoAF (5=-STAATGGTCTGGCTTAGACG-3=) and Arch-amoAR (5=-GCGGCCATCCATCTGTATGT-3=) (12) . PCR was performed in a total volume of 50 l containing 5 l 10ϫ PCR buffer (without MgCl 2 ; Sangon, China), 4 l MgCl 2 (25 mM; Sangon), 1 l deoxynucleoside triphosphate (dNTP) (each 10 mM; Sangon), 1 l each primer (10 M; Sangon), 1 l Taq DNA polymerase (5 U l Ϫ1 ; Sangon), and 1 l template DNA. PCRs were carried out with 5 min at 95°C; 30 cycles of 94°C for 30 s, 55°C (for AOB) or 56°C (for AOA) for 45 s, and 72°C for 1 min; and a final 5-min extension cycle at 72°C. Appropriately sized fragments were separated by electrophoresis in 1% agarose gels and purified using the Gel Advance gel extraction system (Viogene, China). The purified fragments were cloned using the TOPO-TA cloning kit (Invitrogen, USA) in accordance with the manufacturer's instructions. Clones were randomly selected for further analysis.
Sequencing and phylogenetic analysis. Screened clones were sequenced using an ABI Prism genetic analyzer (Applied Biosystems, Canada) in combination with a Big Dye Terminator kit (Applied Biosystems, Canada). The amoA gene sequences were edited using the DNAstar software package (DNAstar, USA). Possible chimeras were checked using the CHECK CHIMERA program of the Ribosomal Database Project (39) . amoA gene sequences were analyzed initially using the BLASTn tool (http: //www.ncbi.nlm.nih.gov/BLAST/) to aid the selection of the closest reference sequences. All of the sequences and their closest relative matches obtained from the NCBI BLAST were aligned using the ClustalX program (version 2.1) (40) . The sequences displaying more than 95% identity with each other were grouped into one operational taxonomic unit (OTU) using Mothur software (http://www.mothur.org/wiki/Main_Page) by the furthest neighbor approach (41) . Neighbor-joining phylogenetic trees were created using MEGA software (version 5.03) (42) . The relative confidence of the tree topologies was evaluated by performing 1,000 bootstrap replicates (43) .
Real-time qPCR. Plasmids constructed in this study carrying a bacterial or archaeal amoA gene fragment were extracted from Escherichia coli hosts using a plasmid minipreparation kit (Tiangen, China) for use in standard curves. Concentrations of plasmid DNA were measured using a Nanodrop-2000 spectrophotometer (Thermo, USA). The standard curves spanned a range from 5.12 ϫ 10 1 to 5.12 ϫ 10 6 copies per l for the AOB assay and from 2.64 ϫ 10 1 to 2.64 ϫ 10 6 copies per l for the AOA assay. All samples were used and standard reactions were performed in triplicate with an ABI 7500 sequence detection system (Applied Biosystems, Canada) using the SYBR green quantitative PCR (qPCR) method. The primer set composed of amoA-1F and amoA-2R was used for the amplification of the AOB amoA gene. Arch-amoAF and Arch-amoAR were used to amplify the AOA amoA gene. The 25-l qPCR mixture contained 12.5 l of Maxima SYBR green/Rox qPCR master mix (Fermentas, Lithuania), 1 l of each primer (10 M), and 1 l template DNA. All reactions were performed in 8-strip thin-well PCR tubes with ultraclean cap strips (ABgene, United Kingdom). The specificity of the qPCR amplification was determined by the melting curve and by gel electrophoresis. The PCR protocols were performed as follows: 50°C for 2 min and 95°C for 10 min, followed by 45 cycles of 30 s at 95°C, 40 s at 58°C (for AOB) and 56°C (for AOA), and 1 min at 72°C. In all experiments, negative controls containing no-template DNA were subjected to the same qPCR procedure to detect and exclude any possible contamination.
The consistency of the real-time quantitative PCR (qPCR) assay was confirmed by the strong linear inverse relationship between the threshold cycle (C T ) and the log value of gene copy number for both primer sets (r 2 ϭ 0.996 for AOB and 0.989 for AOA). The amplification efficiencies were 91.1% and 99.1% for AOB and AOA, respectively. In addition, melting curve analyses showed only one observable peak at a melting temperature (T m ϭ 82.86 for AOB and 81.43 for AOA), and no detectable peaks associated with primer-dimer artifacts or other nonspecific PCR amplification products were observed. The gene abundances of each reaction were calculated based on the constructed standard curves and then converted to copies per gram of sediment, assuming 100% DNA extraction efficiency.
Potential nitrification rates. Potential nitrification rates were estimated in triplicate based on the method of Bernhard et al. (44) . Briefly, 1.0 g (wet weight) of sediment was added to 100-ml Erlenmeyer flasks containing 30 ml of artificial seawater with in situ salinity. NH 4 Cl (for ammonium) and KH 2 PO 4 (for phosphate) were amended to the flasks with final concentrations of 300 M and 60 M, respectively. The suspension was incubated in the dark at near-in situ temperature with continuous shaking at 120 rpm. Within the incubations, subsamples were harvested at 0 h, 24 h, 48 h, and 72 h, respectively. Subsequently, they were centrifuged, filtered, and immediately frozen for the analysis of nitrate (plus nitrite) by the spectrophotometric method (36) . Although nitrite concentrations over the nitrification incubation were negligible because nitrite can be quickly oxidized to nitrate by nitrite-oxidizing bacteria, the potential nitrification rates were calculated based on the changes in nitrate (plus nitrite) concentrations with time (44) .
In a parallel experiment, an additional 1 g liter Ϫ1 ampicillin (final concentrations) was added to the flasks to separate the rates of bacterial and archaeal ammonia oxidation (45, 46) . Ampicillin is a beta-lactam antibiotic and inhibits only bacteria (not archaea), as it targets cell wall production during cell growth in both Gram-positive and Gram-negative bacteria by acting as a competitive inhibitor of transpeptidase (46) . Statistical analysis. The Mothur program was used to generate rarefaction curves for the observed unique OTUs, to form the heat maps of amoA genes based on the representative OTUs of each gene library, and to determine the species richness Chao1 estimator and diversity indices (Shannon-Weiner and Simpson) (41) . The coverage of clone libraries was estimated by the percentage of the observed number of OTUs divided by Chao1 estimate (25) . Correlations between community structures and environmental variables were explored with canonical correspondence analysis (CCA; the maximum gradient length was greater than 4 standard deviations [SD] for both AOB and AOA based on the detrended correspondence analysis, showing that the responses of OTUs to environmental variables were unimodal) using the software Canoco (version 4.5) (47) . Community classifications of the sediment AOB and AOA were performed using the principal coordinate analysis (PCoA) (http://bmf .colorado.edu/unifrac/index.psp) (48, 49) . The distances between each pair of gene libraries were determined by the UniFrac matrix, and all P values have been corrected for multiple comparisons by multiplying the calculated P value by the number of comparisons made (Bonferroni correction) (48, 49) .
Nucleotide sequence accession numbers. The bacterial and archaeal amoA sequences reported in this study (only the unique ones) have been deposited in GenBank under accession numbers KC735601 to KC736063 and KC735178 to KC735600, respectively (see Table S1 in the supplemental material).
RESULTS

Site characteristics.
In the Yangtze Estuary, sediment temperature in winter was about 2.4 to 3.7°C, whereas it increased up to 29.1 to 33.5°C in summer (Table 1) . Salinity was generally low (0.7 to 1.5 practical salinity units [PSU] ) in the upper estuary while it was relatively high (6.2 to 14.8 PSU) in the lower estuary. Sediment pH varied from 7.08 to 8.44 at the study area, with higher pH values at the high-salinity sites (8.16 to 8.44) than at the lowsalinity sites (7.08 to 7.91). Sediment water contents were in the range of 21 to 31% with little spatial and seasonal variation. Sediments at most of the sampling sites were mainly composed of clay and silt with smaller amounts of sands. They were generally characterized by a high content of fine fractions with a grain size of Ͻ63 m. Higher concentrations of organic carbon were detected at the low-salinity habitats (0.81 to 1.89%) than at the high-salinity sites (0.12 to 0.76%) (dry weight, similarly hereinafter). The concentrations of total phosphorus in sediments ranged from 639.2 to 1,095.0 g g Ϫ1 with high spatial and temporal heterogeneity. The concentration of ammonium in sediments ranged from 17.5 to 117.2 g g Ϫ1 with higher concentrations in summer than in winter. The concentrations of nitrate were in the range of 12.3 to 29.1 g g Ϫ1 , which positively correlated with ammonium concentrations (r ϭ 0.539, P ϭ 0.047, n ϭ 14). Compared with ammonium and nitrate, nitrite had relatively low concentrations at the sampling sites, with values of 0.04 to 0.66 g g Ϫ1 . Phylogenetic diversity of bacterial and archaeal amoA gene sequences. Both bacterial and archaeal amoA gene segments were amplified successfully in intertidal sediments of the Yangtze Estuary (see Fig. S2 in the supplemental material). A total of 1,200 bacterial and 1,329 archaeal amoA clones were sequenced from the 28 constructed clone libraries (Table 2 ). In each individual clone library, 6 to 18 AOB and 6 to 20 AOA OTUs occurred, as defined by Ͻ5% divergence in nucleotides (see Fig. S3 ). The diversity of the entire set of bacterial amoA genes was lower than that of archaeal amoA genes based on the values of the ShannonWiener index and the reciprocal of Simpson index (see Table S2 ), and this was consistent with the result of the rarefaction analysis (see Fig. S4 ). Generally, AOB had higher diversity in summer than in winter whereas the diversity of AOA was greater in winter as indicated by the measured indices (see Table S2 ). The estimated coverage values were between 90.9% and 100%, indicating that more than 90% of the amoA gene diversity was captured in all the libraries, and this was further confirmed by the gradually flattening rarefaction curves (see Fig. S4 ). Phylogenetic analysis indicated that the bacterial amoA sequences acquired in this study were grouped with known AOB sequences in the Nitrosomonas and Nitrosospira genera (Fig. 1) . The 6 Nitrosomonas-related clusters included 98.7% of the total AOB sequences and grouped with sequences in the lineages Nitrosomonas communis (AF272399), N. halophila (AF272398), N. europaea (AJ298710), N. oligotropha (AF272406), N. ureae (AF272403), N. marina (AF272405), and N. cryotolerans (AF272402) (10, 50) . The first 5 Nitrosomonas clusters (Nitrosomonas clusters I to V) were the dominant group at the lower-salinity (0.7 to 1.5 psu) habitats of the Yangtze Estuary, accounting for 59.1% to 98.8% of the AOB communities. In the higher-salinity (6.2-to 14.8-PSU) habitats, however, the AOB communities were dominated by the phylogenetically distinct Nitrosomonas cluster VI (accounting for 63.2% to 100%, except winter YY), which was most closely related to Nitrosomonas sp. strain Nm143 (AY123816)/Nitrosomonas sp. strain NS20 (AB212172) (51, 52) and N. cryotolerans (AF272402) (with 73.1 to 77.6% sequence identity) (10) . Only 1.3% of the total AOB sequences were clustered with Nitrosospira, which occupied 0% to 4.3% in all the samples analyzed in this study. The Nitrosospira cluster I was not grouped with any cultured AOB sequences but an environmental amoA sequence from Mississippi River water (GQ906695), while cluster II was grouped with Nitrosospira sp. strain Nsp12 (AJ298716) (50) , and it was also named "Nitrosospira cluster 4" based on the nomenclature of Avrahami and Conrad (53) .
Phylogenetic analysis showed that the archaeal amoA sequences obtained in this study were clustered into two major evolutionary branches: a sedimentary cluster (marine group 1.1a) and a terrestrial cluster (soil group 1.1b) (Fig. 2) . The two groups were distinct from each other, with any two sequences in these genera sharing only 69.0 to 77.8% identity at the nucleotide level. Of the total archaeal amoA sequences, 74.4% were affiliated with the marine group 1.1a AOA lineage and clustered with sequences recovered from estuary, intertidal, coastal, and marine sediments (EU025176, JQ345747, EU022758, and JF924243) (18, 21, 54) . Sequences associated with terrestrial environments were affiliated with sequences mainly from protected land soil (EU590587), agricultural soil (JQ638803 and AB353450), and alpine meadow soil (JN903238) (55) . The percentage of sequences in the soil group 1.1b decreased from the upper to the lower reaches of the Yangtze Estuary.
Spatial and seasonal variations of AOB and AOA community structures. The observed variations in community composition were statistically compared using the UniFrac distance matrix (Fig. 3) . Results showed that bacterial amoA clone libraries acquired from the lower-salinity sites (XP, LHK, WSK, and BLG) were significantly different from communities obtained from higher-salinity sites (LC and winter DXG) (P Ͻ 0.05) (Fig. 3a) , and this was further confirmed by the PCoA (see Fig. S5a in the supplemental material). Also, the predominant groups between the lower-and higher-salinity sites were different based on the bacterial phylogenetic analysis (Fig. 1) . Spatial variations of AOA communities were also observed in the sediments of the Yangtze Estuary. Archaeal amoA clone libraries acquired from the highersalinity habitats (LC and winter YY) were significantly different from communities obtained from the lower-salinity sites (winter XP and winter WSK) (P Ͻ 0.05) (Fig. 3b) . In addition, phylogenetic analysis revealed that the soil group 1.1b AOA lineage changed greatly along the salinity gradient of the Yangtze Estuary (Fig. 2) .
Based on the distance matrix, bacterial amoA gene libraries at all 7 sampling sites were statistically indistinguishable between summer and winter (P Ͼ 0.05) (Fig. 3a) . This lack of statistically Fig. 4 ; see also Table S4 ). The qPCR results also showed great heterogeneous distribution of the sediment bacterial amoA gene abundance among the sampling Baiyangdian Lake sediment HQ202451
Nitrosomonas cluster XP(31,30);LHK(5);WSK(42,31);BLG(34,68);DXG(1);YY(28);LC(4)
Nitrosomonas communis AF272399
Nitrosomonas halophila AF272398
Nitrosomonas europaea AJ298710 
Nitrosomonas
Nitrosomonas oligotropha AF272406
Nitrosomonas ureae AF272403
Nitrosomonas cluster XP(4,4);LHK(20,4);WSK(2,6);BLG(8);YY(1,6)
Baiyangdian Lake sediment HQ202460
Changjiang estuary sediment HQ888784
Nitrosomonas cluster XP(29,26);LHK(19,37);WSK(36,8);BLG(18,10);DXG(46,4);YY(9,37);LC(1)
Nitrosomonas marina AF272405
Nitrosomonas sp. NS20 AB212172
Nitrosomonas sp. Nm143 AY123816
Changjiang estuary sediment HQ888784
Nitrosomonas cryotolerans AF272402
Nitrosomonas cluster a XP(2,6);WSK(4);BLG(4,12);DXG(10,34);YY(6,8);LC(46,41)
Jiulong River estuarine sediment HM235901
Nitrosomonas cluster b XP(6);LHK(2);WSK(2);BLG(4,4),DXG(24,37);YY(40,4);LC(22,32)
Jiaozhou Bay sediment EU244559
Nitrosomonas cluster c XP(4,2);LHK(2);BLG(2);DXG(4,13);YY(14,2);LC(28,10)
San Francisco Bay EU651496
Gulf of Mexico GQ250694
Baltic Sea EF222057
Mississippi River water GQ906695
Nitrosospira cluster LHK(4);WSK(1);YY(4)
Nitrosospira cluster XP(1);LHK(2);WSK(2);LC(2)
Nitrosospira briensis AY123821
Nitrosovibrio tenuis AY123824
Nitrosospira sp. 24C AJ298685 Table S3 in the supplemental material.
Nitrosospira multiformis
sites (Fig. 4) . The highest number of copies (5.20 ϫ 10 6 copies g Ϫ1 dry sediment) of bacterial amoA genes was detected at site XP in summer, whereas the lowest gene copy number (7.36 ϫ 10 4 copies g Ϫ1 dry sediment) was recorded at site WSK in winter. However, no significant seasonal variation was observed at the study area (Student's t test, P Ͼ 0.05), with average bacterial amoA gene abundances of 1.04 ϫ 10 6 and 5.91 ϫ 10 5 copies per gram of dry sediment in summer and winter, respectively (see Fig. S6b ). Sediment archaeal amoA gene copy numbers also showed great spatial heterogeneity in the Yangtze Estuary. Generally, the lower-salinity sites had a higher archaeal amoA gene abundance (8.11 ϫ 10 4 to 6.84 ϫ 10 5 copies g Ϫ1 dry sediment) than did the higher-salinity areas (5.70 ϫ 10 4 to 6.78 ϫ 10 4 copies g Ϫ1 dry sediment) (Fig. 4) . Similarly, no significant difference in the abundance of archaeal amoA gene occurred between summer (2.01 ϫ 10 5 copies g Ϫ1 dry sediment) and winter (1.43 ϫ 10 5 copies g Ϫ1 dry sediment) (Student's t test, P Ͼ 0.05) (see Fig. S6c ).
Relationships of community structure and abundance with environmental variables. Correlations of the AOB community structure with environmental parameters were analyzed via canonical correspondence analysis (CCA) (Fig. 5a) . The environmental variables in the first two CCA dimensions explained 31.0% of the total variance in the AOB composition and 42.0% of the cumulative variance of the genotype-environment relationship. The results indicated that AOB community structures in the sediments of the Yangtze Estuary correlated with environmental parameters, including pH (P ϭ 0.008, F ϭ 1.72, 499 Monte Carlo permutations), total phosphorus (P ϭ 0.012, F ϭ 1.72, 499 Monte Carlo permutations), organic carbon (P ϭ 0.016, F ϭ 1.8, 499 Monte Carlo permutations), ammonium-N (P ϭ 0.024, F ϭ 1.61, Table S3 in the supplemental material.
499 Monte Carlo permutations), and salinity (P ϭ 0.046, F ϭ 1.36, 499 Monte Carlo permutations). These factors had significant correlation with the composition and distribution of the communities, and they provided 41.5% of the total CCA explanatory power. Although the contribution of all other measured environmental factors (temperature, grain size, nitrite-N, and nitrate-N) was not statistically significant (P Ͼ 0.082, 499 Monte Carlo permutations), the combination of these variables provided additionally 32.5% of the total CCA explanatory power.
Relationship studies between AOA communities and environmental parameters were also performed (Fig. 5b) . The first two axes explained 29.5% of the total variance in the archaeal amoA genotype composition and 36.8% of the cumulative variance of the archaeal amoA-environment relationship. Results showed that the AOA communities correlated significantly with pH (P ϭ 0.002, F ϭ 1.96, 499 Monte Carlo permutations), clay content (P ϭ 0.016, F ϭ 1.58, 499 Monte Carlo permutations), ammoni- um-N (P ϭ 0.018, F ϭ 1.62, 499 Monte Carlo permutations), salinity (P ϭ 0.026, F ϭ 1.74, 499 Monte Carlo permutations), organic carbon (P ϭ 0.026, F ϭ 1.57, 499 Monte Carlo permutations), and total phosphorus (P ϭ 0.046, F ϭ 1.47, 499 Monte Carlo permutations), and these factors provided 51.5% of the total CCA explanatory power. Although the contributions of all other measured environmental factors (temperature, nitrite-N, nitrate-N, silt content, and sand content) were not statistically significant (P Ͼ 0.07, 499 Monte Carlo permutations), the combination of these variables provided additionally 28.7% of the total CCA explanatory power.
We also investigated the correlations of amoA gene abundance with environmental variables. In the present study, no significant correlations were observed between the bacterial amoA gene abundance and the environmental factors (P Ͼ 0.05, n ϭ 14). However, the abundance of the Nitrosospira-related amoA gene was positively correlated with salinity (r ϭ 0.487, P ϭ 0.039, n ϭ 14), while the amoA gene abundance of Nitrosomonas cluster VI was negatively correlated with total phosphorus (r ϭ Ϫ0.673, P ϭ 0.008, n ϭ 14). Although relationships between archaeal amoA gene abundance and the environmental variables were not significant, the abundance of the soil group 1.1b was significantly correlated with salinity (r ϭ Ϫ0.509, P ϭ 0.032, n ϭ 14), total phosphorus (r ϭ 0.593, P ϭ 0.025, n ϭ 14), and pH (r ϭ Ϫ0.534, P ϭ 0.049, n ϭ 14). Additionally, in the intertidal sediments of the Yangtze Estuary, the ratio of AOB to AOA amoA copy numbers was found to correlate with total phosphorus (r ϭ Ϫ0.596, P ϭ 0.025, n ϭ 14).
Potential nitrification rates. Potential nitrification rates in the intertidal sediments of the Yangtze Estuary were significantly higher in summer (0.10 to 4.48 mol N g Ϫ1 day Ϫ1 ) than in winter (0.07 to 0.74 mol N g Ϫ1 day Ϫ1 ) (Student's t test, t ϭ 3.1, df ϭ 12, P ϭ 0.009) ( Fig. 6 ; see also Fig. S6d in the supplemental material) . No significant differences were observed between incubations with and without the ampicillin treatments (Student's t test, P Ͼ 0.05, decrease by only 13.1 to 26.6%) (Fig. 6) . Strong negative correlations were found between the potential nitrification rates and salinity (r ϭ Ϫ0.550, P ϭ 0.042, n ϭ 14). Furthermore, significant linear relationships were observed between potential nitrification rates and archaeal amoA gene abundance (r ϭ 0.700, P ϭ 0.005, n ϭ 14), and the relationships were also significant in summer (r ϭ 0.843, P ϭ 0.017, n ϭ 7) and winter (r ϭ 0.909, P ϭ 0.005, n ϭ 7), respectively (see Table S5 ). Interestingly, potential nitrification rates were not related to the abundance of soil group 1.1b (r ϭ 0.199, P ϭ 0.494, n ϭ 14) but were significantly corre- lated with the abundance of marine group 1.1a (r ϭ 0.810, P ϭ 0.000, n ϭ 14). Meanwhile, no significant correlations were found between the bacterial amoA gene abundance and potential nitrification rates in this study (P Ͼ 0.05, n ϭ 14) (see Table S5 ).
DISCUSSION
In the present work, diversity, abundance, and activity of aerobic ammonia oxidizers were measured in the intertidal sediments of the Yangtze Estuary to provide insights into the microbial mechanisms driving nitrification in estuarine environments. Diversity estimators of the clone libraries in this study were within the same range previously reported at other environmental ecosystems (16, 19, 20, 21, 56, 57) . Also, AOB generally had a lower diversity of amoA genes than did AOA in the intertidal sediments of the Yangtze Estuary, which was consistent with the results from other estuarine and coastal environments (16, 19, 20, 21) .
The bacterial amoA sequences recovered from the intertidal sediments of the Yangtze Estuary showed substantial similarity to those retrieved in Baiyangdian Lake, Taihu Lake, Jiulong River, Jiaozhou Bay, San Francisco Bay, and the Mississippi River (17, 20, 56) . Previous studies have suggested that Nitrosomonas species represent a widespread bacterial amoA sequence type, as Nitrosomonas is frequently recovered from estuarine and marine sediments and has a broad geographic distribution (57) . Our results further confirmed this hypothesis, as 98.7% of the total AOB amoA sequences obtained from the Yangtze Estuary fell into this group. Interestingly, a phylogenetically distinct Nitrosomonas group, in which sequence identity with other known Nitrosomonas amoA sequences was Ͻ77.6%, was identified. This distinct Nitrosomonas group dominated the AOB communities at most of the high-salinity sampling sites in the Yangtze Estuary, and thus, we assumed that it might be a new group of Nitrosomonas species which can better adapt to the higher-salinity habitats in the estuarine area. However, additional studies with cultivated isolates or enrichment cultures are needed to fully elucidate this novel group.
Estuaries represent a typical land-sea transitional zone and might harbor mixed populations of both marine and terrestrial AOA (11, 12) . This study confirmed that most of the archaeal amoA sequences obtained from the Yangtze Estuary were affiliated with those in marine and other estuarine sediments (20, 21, 54) , while the remaining sequences were affiliated with the soil group 1.1b (55) . The percentage of sequences in soil cluster decreased from the upstream to the downstream reaches of the Yangtze Estuary. This could be explained by river runoff of soil.
Multiple environmental factors affect the communities of ammonia oxidizers with complicated interactions (18, 20) . In this study, both AOB and AOA communities had significant correlation with salinity, pH, ammonium, total phosphorus, and organic carbon. Of all these factors, salinity, which plays a major role in ammonium adsorption in sediments, has been suggested as a key parameter regulating ammonia oxidizer communities (20, 44, 57, 58, 59, 60, 61) . Generally, bacterial amoA clone libraries acquired from the higher-salinity sites of the Yangtze Estuary were significantly different from communities obtained from lower-salinity sites. Also, the diversity of AOB was positively (but not significantly) correlated with salinity (r ϭ 0.441, P ϭ 0.114, n ϭ 14). Likewise, in the Plum Island Sound estuary, a slight increase in diversity was also observed associated with salinity increasing from low (0.5 to 8.7 PSU) to medium (6.3 to 24.7 PSU), which was in the same range of salinity in this study (57) . The mediumsalinity sites might be more heterogeneous to provide diverse niche differentiation. Along the salinity gradient of the Yangtze Estuary, spatial variations of archaeal amoA gene libraries were also observed, as well as in the Bahía del Tóbari Estuary, where AOA communities differ remarkably between the interior and the mouths of the estuary (11) .
Consistent with our results, it has been reported that sediment pH might affect the growth and community compositions of amoA-containing microorganisms by affecting the chemical form, concentration, and availability of the substrates (62) . Also, the impact of pH on the distribution of amoA-containing prokaryotes has been proposed (55) . In this study, the concentration of ammonium also had significant correlation with AOB and AOA communities. Ammonium as the primary energy source might promote the activity of ammonia oxidizers, and previous studies also reported that high concentrations of ammonium partially inhibited the activity of ammonia-oxidizing prokaryotes (63) . The detected correlation between the community structure of ammonia-oxidizing bacteria and organic carbon was unexpected, since AOB are obligate chemolithotrophic bacteria (9) . However, reports showed that the growth of certain AOB groups could be enhanced by organic compounds, while other species had low tolerance to organic matter (64) . Further work is required to examine this result and explore the underlying mechanism, including the complicated interaction between AOA community and organic carbon. Unprecedentedly, both AOB and AOA communities correlated significantly with total phosphorus in this study. This correlation was likely attributed to the changes of nutrient ratios caused mainly by different levels of phosphorus in sediments which may define habitats of ammonia oxidizers. Sediment clay content was observed to have a significant correlation with AOA communities in this study. Grain size of sediment was important because it might control many physicochemical characteristics of sediment as it was related to in situ hydrological conditions, such as tides, river runoff, water mixing, and the intensity and dynamics of these activities (56) . However, the exact mechanism needs to be determined in future studies.
Bacterial amoA gene libraries at all sampling sites and archaeal amoA gene libraries at 6 out of 7 sampling sites in the Yangtze Estuary were statistically indistinguishable between summer and winter. Likewise, AOB communities in the Plum Island Sound Estuary showed little seasonal variability over 3 years (57) , and AOA communities sampled 9 months apart were virtually indistinguishable at 4 out of 5 sites in the Bahía del Tóbari Estuary (11) . The absence of apparent seasonal shifts in the community compositions of ammonia oxidizers at most of the sampling sites suggests that their population distribution in the Yangtze Estuary reflects an adaptation to site-specific characteristics (57) .
In contrast to previous reports that AOA were more abundant than AOB in both terrestrial and marine systems (19, 22, 24, 32, 65) , our qPCR results indicated that bacterial amoA gene copies were more numerous (1.1 to 47.1 times) than archaeal amoA gene copies in most of the sampling habitats. This was consistent with the results in the Weeks Bay estuary and the San Francisco Bay estuary, where the AOB amoA copy numbers were also greater than AOA amoA copy numbers at most of the sampling sites (14, 20) . Salinity was considered to be a key factor causing higher abundance of AOB amoA genes than AOA amoA genes in the high-(22-to 31-PSU) and medium-salinity (6-to 9-PSU) estuarine regions (20) . However, this conclusion was challenged by the report that the abundance of AOA was greater than that of AOB along an estuarine salinity gradient (0.5 to 31.7 PSU) (31). Thus, it remains unclear whether salinity is a controlling variable (23, 31) . Although we did not detect a linear relationship between salinity and archaeal amoA gene abundance, there was a pattern of higher AOA abundance at the low-salinity sites. This result was consistent with the previous study in the Plum Island Sound estuary (31) . In this study, the ratio of AOB to AOA amoA copy numbers was negatively correlated with total phosphorus, and researchers found that AOA amoA gene abundance was positively correlated with total phosphorus in Matsushima Bay sediment (66) . Ammonium concentration is another factor that might affect the relative abundance of bacterial and archaeal amoA genes. AOA may better adapt to oligotrophic (low-ammonium) environments since the half-saturation constant (K m ) for ammonia oxidation by Thaumarchaeota is lower than those in other microbes (67) . However, no significant correlation was found between the ratios of AOB to AOA amoA copy numbers and the concentrations of ammonium in this study.
Abundance of ammonia oxidizers may be reflected by the potential nitrification rates (68), so we expected these two parameters to correlate significantly. In this study, significant linear relationships were observed between potential nitrification rates and archaeal amoA gene abundance. However, no significant correlations were found between AOB amoA gene abundance and potential nitrification rates in the Yangtze Estuary. Interestingly, no significant decreases of potential nitrification rates were also observed after ammonia-oxidizing bacteria were inhibited by ampicillin, though the bacterial amoA gene copies were more numerous than archaeal amoA gene copies in most of the samples. These results implied that archaea might play a more important role in mediating the oxidation of ammonia to nitrite at the study area. Although recent studies have revealed that some Thaumarchaeotes with expression of ammonia monooxygenase genes are not obligate autotrophic ammonia oxidizers (13) , the observed results in this study suggested that amoA-carrying Thaumarchaeotes detected in the collected samples indeed made a significant contribution to ammonia oxidation in the intertidal sediments of the Yangtze Estuary. In addition, AOA in the marine group 1.1a might make more of a contribution to the oxidation of ammonia to nitrite, as potential nitrification rates were found to be closely related only to the abundance of this group.
Nitrification rates can be affected by many environmental factors, including light, salinity, temperature, ammonium concentrations, and dissolved oxygen concentrations (69, 70) . Strong negative correlations were found between the potential nitrification rates and salinity in the Yangtze Estuary, showing that the metabolic activity of ammonia oxidizers might be inhibited by high levels of salinity. In addition, there were significantly higher potential nitrification rates in summer, compared to winter. This seasonality could be attributed to enhanced activity of ammonia oxidizers due to high temperature in the warm season. However, it has been documented that potential nitrification rates were higher in winter than in summer in the coastal sediments of the Arctic Ocean (69) . The difference might result from the concentration of ammonium, which was a limiting factor for nitrification in the Arctic Ocean. Thus, nitrification rates were higher in winter because of the lack of competition with phytoplankton and other microbes for ammonium (69) . In contrast, the potential nitrification rates at the study area were likely not limited by ammonium availability, because ammonium concentrations were always relatively high (36) .
Taken together, in the intertidal sediments of the Yangtze Estuary, AOB had a lower diversity of amoA genes than did AOA. Spatial variations of both AOB and AOA communities were observed, while all the AOB communities and 6 out of 7 AOA communities in this study were statistically indistinguishable between summer and winter. Community composition of ammonia oxidizers significantly correlated with salinity, pH, ammonium, total phosphorus, and organic carbon. AOA communities were also significantly correlated with sediment clay content. Bacterial amoA gene copies were more abundant than archaeal amoA gene copies in most of the sampling habitats of the Yangtze Estuary. Potential nitrification rates were strongly correlated with salinity and were significantly greater in summer than in winter. In addition, potential nitrification rates had a significant correlation with archaeal amoA gene abundance, and no significant differences were observed between rates measured with and without ampicillin, showing that archaea might play a more important role in ammonia oxidation at the estuarine area.
